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FOREWORD

This report summarizes data taken in inﬁetfering flow field tests
conducted in the Air Force Flight Dynamics Laboratory's. High Temperature Fac;lity
during August 1974 usingnan 1n£:gred scanning system, The effort was
conducted under P?bjegﬁvﬁr; 1452, “A;ro&§§amic‘Cfdﬁhd'Tééf'Téchniques", Work
Effort Nr. 14260116, "Infrared Scanning Systems Techniques'. The tests were
conducted in-house as a joinf effort of the High Speed Aeroperformance Branch
(FXG) and the Experimental Engineer;ng Branch (FXN) of the Fligﬁt Mechanics
Division.'fnx. Edward L. White, AFFDL/FXN was the principal investigator.

; _

This technical report has been reviewed and is approved.

ooty

' //P IP P. ANTONATOS

... Chief, Flight Mechanics Division
. . AF Flight Dynamics Laboratory
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ABSTRACT

An infrared scanning system was used to measure heat transfer rates on
a sharp leading edgelflat pl;te~with a three-dimensional shockAgenerator
attached. Results were compared with data previously obtained oﬁ the samé
model using temperature sensitive phase change coatings. The tests were .
conducted in the Air Force Flight Dynamics Labotatory's High Temperature
Facility (HTF) a# a Mach number of 10, stagnation pressure of 300 psia, and
stagnation temperature of 2200 deg R. The corresponding Reynolds number was
approximately 2.8 x 10° per foot.

Results indicate that the IR scanner method of obtaining heat transfer
coefficients compares quite favorably with the temperature sensitive coating
method, however; data quality was degraded when the scanner viewing angle |

was other than nbrmalltb the model surface.
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% A1 INTRODUCTION

‘e '.
‘et «

While various methods are available for the measurement of aerodynamic
heat transfer rates in high'speed wind tunnels; each method has
disadvantages either in model comstruction or data acquisition techniques.
Metallic models equipped with thermocouple are costly to build, and
instrumentation can bnly be provided at.selected points. Temperature
sensitivé coatings, such as presented in Rgferences 1 and 2;‘can provide
total coverage of an aerodynaﬁic model, but old coatings must be removed and
new ones applied for each test run. Models coated with encapsulated liquid
crystals have been tested at Mach numbers to 3.0 with the coatings being
cycled through their temperature ranges mﬁny times (Ref..3). ﬂowgver; the
available liquid crystal temperature range is presently too low for use at
elevated (2300°R) temperatures. |

An infrared scanner (IR) systeﬁ has been developed by the Lockheed-
California Company for use in the AFFDL High Temperature Facility (HTF) to
measure heating rates on wind tunnel models. The system was designed for
high speed scanning of the model with a total of 810 temperatures being
measured during each scan. Nonmetallic models of low thermal conductivity and
surface emissivity values near 1.0 aré used. Reference 4 présents a complete
déacription of the IR scanning system and some of the early developmental
results obtained from it.

Evaluation tests of the IR scanning system were conducted in the HIF
in August 1974 using a model which was previously employed in the experimental
work of Reference 2. Wind tunnel conditions were the same for both tests so

that IR scanner data could be compared with previously obtained results.




The purpose §f this report 13':6 pre§;;t.the data reduction techniques used

and to compare eiperinentaizresults obtained on the same wind tunnel model
using the IR scanning,éyaten and the.tenperaturg_sensitive'phaae change coating
technique. The reader is referred to reference 4 for a more complete .

description of the icanner system.




II. APPARATUS

A. Model |

The model used during the current test was fabticatéd by Lockheed
Missiles and Space Company for use during temperature sensitive paint tests.
The model vas a flat>plate 8 inches wide, 16 inches long and 1.25 inches thick
with a leading edgé bevel angle of 20 degrees. The top surface was recessed
0.375 in. starting at a station 2 in. aft of the leading edge to permit |
installation of 1nstt§mented inserts. For the IR scanner test, the insert
used was 0.25 in. thick teflon sheet backed'by a atainles§ steel sheet.
Thﬁ)feflon surface to be scanned was painted with 3M "Nextel" velvet coating
(;LNfCIO black) to produce a spectral emissivity of approximately.O,QZ.
| A stainless stéei shock generator fin 6 in high and 0,50 in. thick with
20 deg leading edge be§e1 vag mounted on the right side of the model
perpendicular to the scanned surface. Positioning of the fin to change shock
deflection angle and axial location was accomplished through the use of
different mounting braﬁkets.

A hollow 1.25 in. dia. sting allowed direct mounting of the model to
the injection strut without the use of adapters. Figure 1 shows a schematic
of the model used.
B. Wind funnel

The test was performed in the AFFDL High Temperature Facility (HTF)
which is completely déscribed in Ref. 5 and 6. The facility is a hypersonic
blowdown wind tunnel utilizing an alumina pebble bed heater as its heat
source. For this test, a contoured Mach 10 nozzle with a 24 in. exit diameter
was installed. The facility can be operated at stagnation pressures from 100

to 600 psia and stagnation temperatures up.to 3500°R.




C. Instrumentation

All model temperatures were measured with the IR scanner system. The
system was orientated to scan a 6 in. x 15 in. section of #he model 5 times
per second. Each scan consisted.of 18 rows by 45 points per row for a total
of 810 temperature noints.' Signais from the‘ IR scanner were sen£ through an

Electronic Engineering Co., Model 761A1 analo to-digital converter of the IR

o BY THE CDPCl6 THE TRREL BNART C ODED
syster and stored on magnetic tape/\ Data reduction from :&w—ve&&age7<:;

DECIMALS FORMET
temperatures was accomplished on the CDC-160A computer. Temperatures were

printed out in an 18x45 matrix afray in the same position the scanner sampled them.




III. TEST DESCRIPTION

A. Test Conditions

In order to coﬁpare IR scanner data directly with temperature sensitive
phase change paint data, test conditiong run on the previous temperature
sensitive paint test (Ref 2) were repeated for this test. Reservoir
stagnation pressure was nominally 300 psia, and stagnation temperaturé
approximately 2200°R. Table 1 lists the conditions actually achieved during
each run.

B. TestProcedure

Before the first test run each day, the pebble bed heater was evacuated
to less than 30 mm Hg to remove moisture from the pebbles. The moisture is
formed as a product of combustion of the propane/air/oxigen mixture used to
heat the pgbbles.

During a data run the wind tunnel was started and brought to the desired
conditions. Reservoir pressure and tgﬂgfrzggfggfngwigsﬁdggftig%iéﬁgact
pressure were recorded before injection of the model/\ A switch on the model
injection strut started the IR scanner data system when the model reached
tunnel centerline. The model was left in the flow for approximately 5 sec.
then retracted, and the wind tunnel was shut down. A second model injection
was attempted on two of the runs, but the model surface was too hot in spots
to obtain meaningful data.

C. Data Reduction

Heat transfer coefficients were calculated by the method used in Ref. 2

for a one-dimensional semi-infinite slab. As in Reference 2 the primary

assumptions are (1) the depth of heat penetration into the model is small
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compared with the wall thickness so that the model acts like a seqi-infinite
slab; >(2) the model is initially isothermal; (3) the surface is subjected
to an instantaneous step in aerodynamic heating at time zero and the heat
transfer coefficient does not vary with time; and (4) the‘médei thermal
conductivity, density and specific heat do not vary with temperature.

Data reduction bflthé_éemi-infihite slab method as used in Refs. 1 and 2
consisted of measuring the test time required for a point on tﬁe model surface
to reach a known temperature, as indicated by the coating melt patterns,
and calculating the corresponding heat transfer coefficient by the solution of
the one-dimensional transient hegt_conduétion equation:

2y
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Boundary conditions used which best describe the actual wind tunnel testtare:

‘ _T(l:]JO)=Ti
3TIOY) _h _
T [TAW T(0, +)]

The solution of Equation (1) with stated boundary conditions and assumptions is

. . o z .
TEM =-e° erfc@d (2
TNN_—Ti
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where
oo DA _ T
Tk Jeck
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For semiginfinite slab theory to be applicable, the Eime_required'for
the phase change to occur must be small compared to the thermal diffusion
time of the model wall. The thermal diffusion time is approximated by the
equation (Ref. 1):

, o022 0212
d- « k 3)

Thermal diffusion time for the 0.25 in. thick teflon model surfacé was
calculated at about.67 sec.
For the temperature sensitive paint tests of Ref. 2, Equation (2) was
used to derive the curves of Fig. 2 for TFE Teflon thermal properties of
‘§V2§;2- 0.0367 B/ftz—secl/2-°§§ so the heat transfer coefficient could be
obtained directly as a function/gf;_ and melt'time.. The initial temperature

B
4

of the model was assumed to be 80°F and Tpc was the known coating melt

//

temperature, so for each run T was constant for all pointé'on the model surface.

Melt times were determined from timed sequence photographs of the model in the

tunnel airflow, and were variable at different sections_ofjthe-model. Wiéh

T and melt times known, heat transfer coefficients were then obtained from Fig. 2.
Reduction of the IR scanner data was basically the same as for the

temperature sensitive paint test. However, TpcAwas replaced by model surface

temperature, TM,to determine T. Instead of a coating melt time, a data




reduction time was determined from temperatqre-fime histories at several
points on the model. For each run, heat transfer coefficign_tb were obtained
at a constant time but vwith variable T for each scan location. All runs were
reduced at approximately 4.5 sec ‘aftér the model was injected to assure that
any model vibrations induced by the injection system were damped out and

flow had pfoperly established.




IV. RESULTS

A minimum of 2 runs were made at each model attitude tested in order to
check the repeatability of the IR scanner system. Because of the large
number of teﬁperatures ﬁeasured in each scan (810), heat transfer coefficientg
were not calculated at each point on the model. Data preéentéd'in this report
are sufficient to show the porrelatioﬁ obtained between the temperature
sensitive paint method and the IR scamner methéd. |

Temperature-time historigs of 6 model points on each of three runs are
shown in figure 3. Number designations of the symbols refer to row/point
locations of the model temperatﬁres. At times under 2 sec, temperatures were
scatégred and no meaningful slopes could be obtained. The timer for the IR
scanner data recording system was actually activated before the model feached
tﬁe tﬁnnel cenferiine, and flow was ndt stable for the first 2 sec of data.
Retraction of the model was started after about 5 sec of déta recoréing, and
temperatures after start of model retractioﬁ were not useable.

Heat transfer coefficients were calculated for 5 times from 2.15 to 5.35
sec along 3 rows on Run 199. These data, presented in Fig. 4 (a-c), show
lower heat transfer coefficients in the fin induced high heating region at 2.15
and 2.95‘sec than at‘the later reduction times. Coefficients at the reduction
times of 3.75; 4.55‘and 5.35 sec are very nearly equal in magnitude on each row
presented. From thé temperature-time histories of Fig. 3 and the heat transfer
coefficients of Fig. 4, it was.decided that the optimum data reduction time
would be between 3.5 and 5 sec after the start of the IR scanner. The remainder

of the data presented in this report were calculated at approximately 4.5 sec,

-
or the 16th frame of the IR scanner data. zg'j’fﬂﬁﬁ‘?if (
3,7 SEC




Témperature sensitive paint results presented in this reﬁqrt were obtained
from Ref. 2 and 7. Temperature sensitive paint data previously obtained on the
Teflon models was shown in Reference 7 to have a degree of uncertainty for two
reasons. (1) Extreme difficulty in accurately determining'phiﬁt melt lines on
the model was caused by the lack of contrast betwegn the light pastel green
color of the paint and the white model surface. (2) There was also a noted
%%3%9ntinuity in the specific heat for Teflon in the temperature range below
100°F. For these reasons some disagreement between Ref. 7 and IR scanner results
is anticipated.

The two main objectives of this test program were to §ompare heat transfer
cqefficients in a high hegting region obfaingd by the IR scanner system with
results obtained from temﬁératq;e sensitive coatings, and to investigate the
effect of IR scanner viewing angle‘on the resultant data.

Figuies 5 through 8 present éomparisons of the results'obtained using the
two different techniqués. Threg rows of data, at §-1.42, 2.33 and 3.24 in. from
the right side of the model are presentéd. ‘Little influence of the shock
generator fin was evidént'at i&teralAdistaﬁces greater than 3,24 in., and the three
rows shown present the best available dat; for comparisons of tﬁe two methods.

Figures 5 and 6_present results with the IR scanner viewing angle at 0 deg,
or directly normal to the model surface. This orientation was used as the
reference point. The scanner was then moved forward and anglgd back to produce
viewing angles of -10 and -20 deg with the reference point. Results of changing

viewing angle to the two different values are shown in Figs. 7 and 8, respectively.
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Heat tranfer coefficients shown 1ﬁ Fig. 5 indicate that reasonable
agreement existed between the data of Ref. 7 and the IR scanner results with
the exception of Y = 1.42 in. (Fig 5a). The IR data indicates the heatiﬁg
peak occurs approximately 1 in. ahead of the peak shown in Ref. 7 data..
Inaccuracies of this type in measuring the location of peak heating for both
methods accounts for much of the disagreement between the data sets. Also, as
the IR scanner sweeps along the model, the viewing angle is changed. The
viewing angle between the peak heating point and scanner reference point was
calculated as 6.6 deg for Fig. 5a. Higher heat trqnsfer coefficients for Run 200
than for Run 199 were caused by assuming an initial isothermal temperature of
90°F on the model for both runs. First data frames for each run showed that
cﬂe initial temperatures»for Run 200 were approximately 5 deg higher than for
Run 199. Aiso, the mode; éurface was also not completely isothermal at the
start of Run 200 because of residual heat from previous running.

- Figure 6 shows a comparison of IR scanner and Ref. 7 results with the shock
generator fin 8 in. aft of the model leading edge and deflected 10 deg. Poor
agreement between the two methods is evident both in location and magnitude of
the data in the peak heating region. Scanner viewiﬁg angle between the reference
point and the indicated point of peak heating was calculated for Fig. 6a as 9.1
deg, indicating a possible viewing angle effect in this data;

Results of moving the IR scanner to produce a viewing angle of ~10 deg
with the model reference point is shown in Figure 7. Generally poor correlation
between the two methods is shown in these data, both in location and magnifude
of the peak heating regions. While IR scanner runs 212 and 213 agree quite
well with each other, peak heating regions defined by these data are aft of

the Ref. 7 peak heating regions.

11




Figure 8 compares IR scanner results with Ref 7’resu1ta for the IR
scanner viewing angle changed to -20 deg. Poor agreement is seen between
the IR scanner data and Ref. 7 and even the two IR scanner runs are not in
agreement with each other. The best correlation is seen in Fig. 8b
(Y=2.33), where interference heating peaks are evident in the IR scanner
data. At Y=1 42 in. and 3 24 in. no easily defineable interference heating
peaks are observed. R

From the results‘presented“in Fig. 5-8 it is apparent that, although
there are errors and uncertaintiea in Ref 7 data caused by difficulties in
accurately determining paint nelt lines, scanner viewing angle consistently
contributes to diaagreemente between the two methods. With the IR scanner

L

positioned directly over the center of the model, it ie felt that reaulta

obtained from the IR scanner method are as reliable as results obtained from
the ta-perature sensitive paint studiea. |

Figure 9 (a-b) shows lines of constant heat tranafer coefficients in
the interference region of the model surface. While the temperature sensitive
coating technique (Fig. 9a) indicatea one long area of peak heating
(h= .00143 b/ftzsec°k), the IR scanner reaulta indicate two areas in the
interference band. Reaulta‘presented'in hef. 2 (Fig. 48) are a compilation
from several runs and do indicate the'aecondary area of peak heating. There
is speculation in Ref 2 that thia second peak may be a result of boundary
layer ‘transition in the interaction region.

A disadvantage of ‘the use of the temperature sensitive coating method is
the necessity of using only one melt temperature coating on each run.

Reference 7 data preaented in this report were obtained using paint with a

melt temperature of 150°F, which was satisfactory in the.regions of highest

12




heating but was unsuitable for ov5;;11 mapping of the model surface.

Complete mapping of a 5.7 in x 14.6 in. section of the model surface was
possible through the use of the IR scanner. Figure 10 presents a representative
diagram of the results obtainable from the IR scanner. Where only the

peak interference heating region was defined in the temperature sensitive

paint data, a secondary heating region is shown in the IR scaﬁner data of

Fig. 10. This éecondary region occurs in the approximate location where the bow
shock from the fin intersects with the model surface. Results shown in

Fig. 10 are supported by the oil flow findings and the 1nteractionvregion

heating distributions presented in Ref. 2 (Fig. 41 and 48 respectively).

13




V. CONCLUSIONS

The IR scanning system has been shown to provide a useful method of
obtaining heat transfer coefficients on the surface of the flat plate
interference heating model. Considering the problems encoun;éred in obtaining
heating rates from the comparable tempefature sensitive coating method,
the quality of the IR scanner results is considered as good as that of
Refs. 2 and 7 results. A broader range of heating rates can be measured by the
IR scanner, and model surfaces do not have to be prepared before each rumn.

It was shown that scanner viewing angle does affect quality of the IR
scanner data, and best results were obtained with the scanner normal to the
mid point of the model. No attempt was made to use the IR scanner to obtain
heating rates on a non-planar model. With scanner viewing angle affecting
data as it does, it is felt that the IR scanner would be unsuitable at present
for use with a non-planar model. Futufe studies will investigate this problem
more closely and incprporate view angle correction factors into #.d@ta

reduction program.

14
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TABLE

I. WIND TUNNEL TEST LOG

RUN [DATE [P, |To |Xg [SCAN [REMARKS FrAmeE MR
NR. PSIA | °R IN. Aé‘JEGGl.- | | SO THERMAL
199 |160874| 301.3 |2329 | O o) N O
200 303.0|2325 | O o} N O
20l 297.7 | 2311 0 0 |2 INJECTIONS NN
202 |190874| 3023 | 2314 8 0 JES
203 3003|2283 8 | o R HorTER
204 2997|2271 | ® 0 |2 INJECTIONS e
205 |200874| 301.3 | 225! [NOFIN| O YES

206 2990|2244 [NOFN| o | Rl R s
207 301.0 | 2210 [NOFIN| —10 | 2 INVECTIONS  |eonir consr
208 2990 [ 2233 [NOFIN | -10 oAV N
209 298.4 2228 [NOFIN | -20 |20 AUG7¢ /9 HAS|REAT. RE0F
210 300.3 | 2191 O | =20 |20 AUGHY 1m0 HRS NO

211 |210874] 30102205 | 0 | -20 |2, Apvere o wrs|  NO

212 2964 | 2180 0 =10 | 21 pAUGHYE  so4s MRS | NO

213 3026[2249] O | -10 |2, 406 j335kes VO

NOTES:
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